Background: Huntington's disease (HD) is a fatal, inherited neurodegenerative disorder characterized by uncontrollable dance-like movements, as well as cognitive deficits and mood changes. A feature of HD is a metabolic disturbance that precedes neurological symptoms. In addition, brain cholesterol synthesis is significantly reduced, which could hamper synaptic transmission. Objective: Alterations in lipid metabolism as a potential target for therapeutic intervention in the R6/2 mouse model of HD were examined. Methods: Electrophysiological recordings in vitro examined the acute effects of cholesterol-modifying drugs. In addition, behavioral testing, effects on synaptic activity, and measurements of circulating and brain tissue concentrations of cholesterol and the ketone ␤-hydroxybutyrate (BHB), were examined in symptomatic R6/2 mice and littermate controls raised on normal chow or a ketogenic diet (KD). Results: Whole-cell voltage clamp recordings of striatal medium-sized spiny neurons (MSNs) from symptomatic R6/2 mice showed increased frequency of spontaneous inhibitory postsynaptic currents (sIPSCs) compared with littermate controls. Incubation of slices in cholesterol reduced the frequency of large-amplitude sIPSCs. Addition of BHB or the Liver X Receptor (LXR) agonist T0901317 reduced the frequency and amplitude of sIPSCs. Surprisingly, incubation in simvastatin to reduce cholesterol levels also decreased the frequency of sIPSCs. HD mice fed the KD lost weight more gradually, performed better in an open field, had fewer stereotypies and lower brain levels of cholesterol than mice fed a regular diet. Conclusions: Lipid metabolism represents a potential target for therapeutic intervention in HD. Modifying cholesterol or ketone levels acutely in the brain can partially rescue synaptic alterations, and the KD can prevent weight loss and improve some behavioral abnormalities.
INTRODUCTION
The neuropathological hallmark of Huntington's disease (HD) is the degeneration of striatal mediumsized spiny neurons (MSNs) [1] . However, cell loss also has been observed in other brain regions such as the cerebral cortex, thalamus, and hypothalamus [2] [3] [4] . HD studies are increasingly focusing on metabolic disturbances. Loss of orexin neurons in the hypothalamus of HD patients leads to metabolic imbalance [3] and elevated caloric intake occurs in individuals at risk of developing HD [5] . Clinical studies have demonstrated deficits in insulin secretion capacity and a simultaneous decrease in insulin sensitivity in normoglycemic patients with HD compared with controls [6] . In addition to balancing free glucose and stored glycogen, insulin regulates triglyceride production and fatty acid synthesis [7] . Similar to HD patients, genetic mouse models of HD display impaired glucose metabolism [8, 9] , alterations in adipose tissue [10] , as well as insulin and leptin resistance [11] . Deficient glucose metabolism necessitates alternative sources to satisfy energetic demands. One potential candidate is lipid metabolism, in particular ketone bodies [12, 13] .
In HD patients and mouse models of HD, growing evidence has demonstrated early and long-lasting alterations in the cholesterol biosynthetic pathway [14] . The principal function of cholesterol is to maintain the integrity of cell membranes and in the brain, it is essential for myelin formation, membrane fluidity, neurosteroid production, and synaptic activity [15] . When cholesterol is reduced, spontaneous glutamate synaptic neurotransmission increases whereas evoked responses decrease [16] . In addition, cholesterol is an essential component of lipid rafts, specialized membrane microdomains that regulate neurotransmission, receptor trafficking, synapse maintenance, and spine density [17] . Importantly, lipid rafts display early alterations in mouse models of HD [18] .
BraincholesterolissynthesizedlocallyfromacetylCoA and requires complex machinery to maintain steady-state levels [19] . Brain-generated cholesterol does not cross the blood-brain barrier (BBB), but 24-OHC, an oxygenated metabolite of cholesterol, is capable of diffusing into the bloodstream [20] . Mutant huntingtin (mHtt) inhibits the transcription of sterol regulatory element (SRE)-regulated gene products that are essential for cholesterol biosynthesis [14] . Changes in brain cholesterol synthesis and levels are particularly evident in HD mouse models [14, 21, 22] and in vitro addition of exogenous cholesterol to striatal neurons expressing mHtt prevents cell death [22] . Thus, restoring normal cholesterol levels can be neuroprotective.
A wide array of intrinsic and synaptic membrane properties are altered in HD genetic mouse models [23] . MSNs and cortical pyramidal neurons display a depolarized resting membrane potential, probably as a consequence of reduced energy substrates [24] [25] [26] . In addition, in different mouse models of HD we demonstrated early and progressive alterations in glutamatergic transmission along the corticostriatal pathway [24, 27] . GABA synaptic activity also is altered. A significant increase in the frequency of spontaneous inhibitory postsynaptic currents (sIPSCs) occurs in a subpopulation of MSNs. This finding led us to suggest that increased inhibition dampens striatal output and can explain some of the behavioral symptoms [28, 29] . Thus, reducing intrastriatal GABA transmission can be a potential therapeutic target.
In the present study we combined in vitro and in vivo experiments to examine the potentially ameliorative effects of manipulations of lipid metabolism, in particular the cholesterol pathway, in the transgenic R6/2 mouse model of HD. We chose this model because it has become a standard for drug testing [30] and has been well-characterized both behaviorally and electrophysiologically in our laboratory. If, as evidence suggests, cholesterol synthesis and levels are reduced in HD [14, 31] , cholesterol supplementation could be beneficial. In particular, based on the observation that cholesterol depletion leads to an increase in spontaneous neurotransmitter release [16] , we hypothesized that by increasing cholesterol we could reduce the increase in sIPSC frequency observed in HD models [29] . To test this hypothesis, we incubated striatal slices in a number of compounds known to modulate cholesterol synthesis and levels. For cholesterol supplementation we used cholesterol itself. To provide another energy substrate in mice with deficient glucose metabolism, ␤-hydroxybutyrate (BHB), a ketone body was used [32] . We also tested the effects of T0901317, a liver X receptor (LXR) agonist. LXRs are nuclear sensors that maintain cholesterol homeostasis so that when the concentration of cholesterol increases, LXRs induce transcription of genes that protect cells from cholesterol overload [33] . Finally, to reduce cholesterol levels we used simvastatin, an inhibitor of 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase, the enzyme necessary for the production of endogenous cholesterol. After acute incubation of these compounds we examined in vitro membrane and synaptic properties of MSNs in symptomatic HD mice and littermate controls. We also examined the chronic effects of a ketogenic diet (KD) on behavioral alterations and MSN electrophysiology. The KD has been proved beneficial in epilepsy [34, 35] and Alzheimer's disease [36] . Further, the KD increases the production of BHB [37] and while cholesterol and fatty acids do not appear to cross the BBB, ketones can enter the brain and serve as energy substrates [37] . We demonstrate that increasing cholesterol and ketone levels in the brain, or stimulating cholesterol efflux, can rescue some altered synaptic properties and animals fed a KD show delayed weight loss and improvement in behavioral deficits.
METHODS

Animals:
All procedures were performed in accordance with the U.S. Public Health Service Guide for Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the University of California Los Angeles. Mice were obtained from our R6/2 breeding colony. This colony is maintained by breeders (line 2801) from the Jackson Laboratory (Bar Harbor, ME). R6/2 mice were bred by crossing WT C57BL6xCBA-F1 males with WT C57BL6xCBA females containing ovaries transplanted from hemizygous R6/2 mice. Experimental mice were housed on a 12 h light-dark cycle with lights on from 7 : 00-19 : 00. Food and water were available ad libitum. Genotyping was performed using PCR of DNA obtained from tail samples, once at weaning and again following the completion of behavioral testing and/or electrophysiological experiments to confirm the genotype. CAG repeat lengths for R6/2 mice were determined by Laragen Inc. (Culver City, CA) and found to be 153 ± 1 (mean ± SE, n = 23).
Electrophysiology: Mice were deeply anesthetized and intracardially perfused with 10 ml of icecold high-sucrose artificial cerebrospinal fluid (slice ACSF) containing (in mM): 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2. Slices were allowed to recover at room temperature for at least 1 h before recordings. In some experiments we examined the effects of enriched ACSF (eACSF) on spontaneous synaptic activity in brain slices from control and symptomatic HD mice (∼11 week-old). eACSF was made by addition of BHB, the main ketone body [12] , and pyruvate to regular ACSF as follows ( [32] . First, slices were incubated and MSNs recorded in regular ACSF. After obtaining baseline data, the ACSF solution was replaced with eACSF for 20-30 min and the effects on synaptic activity were examined.
For cholesterol supplementation, slices were incubated for 1-2 h in a water-soluble formulation of cholesterol (10 M, Sigma-Aldrich) pre-complexed with methyl-␤-cyclodextrin (MCD) which serves as a carrier. To examine the effects of LXR activation a synthetic agonist, T0901317 (10 M, Tocris) was used. To lower cholesterol levels simvastatin (10 M, Tocris), an inhibitor of cholesterol synthesis [16] , was used. After incubation, slices were transferred to the recording chamber and perfused with the same drug used during incubation. Except for cholesterol, all drugs were dissolved in DMSO (0.1%). At this concentration, DMSO by itself did not affect spontaneous synaptic activity.
Whole-cell patch-clamp recordings were obtained in voltage-clamp mode using a MultiClamp 700B amplifier (Molecular Devices) and pClamp (version 10.2) software. The patch pipette (3-5 M resistance) was filled with a cesium methanesulfonate solution containing the following (in mM): 130 Csmethanesulfonate, 10 CsCl, 4 NaCl, 1 MgCl 2 , 5 MgATP, 5 EGTA, 10 HEPES, 5 GTP, 10 phosphocreatine, and 0.1 leupeptin. Electrode access resistances were <25 M . Cells were held at -70 mV and spontaneous excitatory postsynaptic currents (sEPSCs) recorded for 3-5 min in the presence of picrotoxin (50 M) to block GABA A receptor activation. Spontaneous inhibitory postsynaptic currents (sIPSCs) were recorded with the same internal solution used for EPSCs but holding the membrane at+10 mV to increase the driving force for Cl − ions (reversal potential at -60 mV) and with the addition of the appropriate glutamate receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 5 M) and amino-5-phosphonovaleric acid (AP5, 50 M). Postsynaptic currents were filtered at 1 kHz with Clampex 10.2 in gap-free mode. sEPSCs and sIPSCs were analyzed off-line with the automated detection protocol within the Mini Analysis program (Synaptosoft, version 6.0) and subsequently checked manually for accuracy. The threshold amplitudes for the detection of events were 5 pA for sEPSCs and 10 pA for sIPSCs. Event analyses were performed blind to genotype.
Ketogenic Diet (KD): The chronic effects of the KD were examined in symptomatic R6/2 mice at two stages of disease progression, early symptomatic (∼45 days) and fully symptomatic (>60 days). In this experiment one group of pregnant dams was fed a KD and another group received regular diet. Breeders for KD mice were acclimated to the diet one week prior to pairing. High-fat KD 5TJQ (Catalog # 1810844) was purchased from TestDiet (St. Louis, MO) and stored at 4 • C until feeding. The formula contained no carbohydrates and the ratio protein:fat was ∼1 : 5, which provides about 84% energy from fat and 16% energy from protein. Food was changed every 3-4 days. After weaning and genotyping (3-4 weeks of age), WT and R6/2 mice from dams fed a KD continued their pre-weaning regimen. Body weights were measured every week beginning at 4 weeks.
Behavioral Testing: Behavioral testing for R6/2 mice at 45 and 60 days of age was performed during the light phase of the light-dark cycle between 7 : 00 and 10 : 00 AM. Open field activity was assessed in a single 15-min session, with 15 data collection bins of 1 min each. Each mouse was placed individually in a square Plexiglas enclosure (40 cm × 40 cm) equipped with two photobeam sensor rings with a 32 × 32 array of infrared photocells for measuring horizontal and vertical movements (Coulbourn Instruments, Whitehall, PA). Movement was quantified automatically using TruScan software. Outcome measures included movement time, movement distance, velocity, and stereotypic movements. Stereotypic movements were defined by a series of coordinate changes less than ± 0.999 beam spaces (in either the horizontal or vertical plane) and back to the starting point no more than 2 sec apart. Although stereotypic movements are used to measure repetitive behavior that does not contribute to large location changes, such movements cause beam breaks and thus contribute to overall distance. Thus, movement time and distance measures were obtained by subtracting stereotypic movements from the total movement time and total distance. After each session, the equipment was cleaned with an ammonium chloride disinfectant (Conflikt; Decon Labs, King of Prussia, PA) to remove residual odors.
Mice also were tested on a rotarod (Omnitech Electronics Inc., Columbus, OH) using a linear accelerating rotation paradigm (5-40 rpm over 10 min). Each session consisted of a single set of 5 trials with at least a 1 min break between each trial. The latency to fall for each mouse was calculated as the average of each 5-trial session.
Histology: At the end of behavioral testing, some mice fed the KD were deeply anesthetized with isoflurane and intracardially perfused with cold 4% paraformaldehyde (PFA) dissolved in PBS. Brains were then removed and postfixed overnight in 4% PFA. Brains were cryoprotected for 2 days in 20% sucrose in PBS then 30% sucrose for 2 days and frozen on dry ice. Slices (30 m thickness) spanning the striatum from bregma (1.18-0.38 mm) were mounted and stained with cresyl violet. Sections (n = 6-7) 180 m apart were used for volumetric analyses. Striatal and lateral ventricular area were traced manually in slices from both sides using ImageJ Software (National Institutes of Health, Bethesda, MD). Volumes were calculated by multiplying the sum of the areas by the section thickness and recorded in cubic millimeters. In these measurements the experimenter was blind to the genotype.
Gas chromatography/mass spectrometry: GC/MS was used to measure total plasma and brain cholesterol and BHB levels in WT and R6/2 mice (>60 days of age) consuming regular diet or the KD. Duplicate samples were prepared from each specimen and the data from the two results were averaged. Plasma samples (5 L) were mixed with methanol (100 L) after the addition of internal standards [5 gms each of 13 C 3 -cholesterol (Sigma Aldrich) and 13 Standards were prepared with each batch of biological samples with the same amount of internal standards and a range of cholesterol and BHB concentrations (0, 1, 2, 3, and 5 gm, in duplicate). The data from the standards were used to construct calibration curves (ordinate, ratio of cholesterol or BHB peak areas/corresponding internal standard peak areas; abscissa amount of either cholesterol or BHB in each sample). The amounts of cholesterol and BHB in each biological sample were calculated by interpolation from the calibration curves. The results from the two cholesterol data sets (the M+ and [M-HOSi(CH 3 ) 3 ] + signals) were in close agreement and the average was calculated and reported. Brain tissue samples were processed in an identical manner using a 1 mL of methanol/2 mg of tissue with the same amounts of internal standards and homogenization was carried out with an ultrasonic cell disrupter.
Statistical Analyses: All values in figures and text are presented as mean ± SE. Differences between group means were assessed with Student's t-test and, when comparing more than two groups, with appropriate ANOVAs (one-or two-way with one or two repeated measures) followed by Bonferroni post-hoc tests. When ANOVAs were used, appropriate F and p values for group interactions are reported in the figure legends. Differences were considered statistically significant if p < 0.05. SigmaStat 3.5 (Systat Software, San Jose, CA) was used to perform all statistical analyses.
RESULTS
Effects of Cholesterol:
Slices from symptomatic R6/2 animals (n = 7, aged 70 ± 2 days) and control littermates (n = 5) were incubated for 1 h in either regular ACSF (control condition) or in water-soluble cholesterol (10 M) complexed with MCD. In regular ACSF, membrane properties of MSNs (n = 9) from R6/2 mice demonstrated a significant increase in input resistance compared with MSNs (n = 7) from control littermates (Table 1) . Although this difference persisted in slices incubated in cholesterol, the 2.0 ± 0.2 (n = 9) R6/2 ACSF + Cholesterol 63.8 ± 3.9 98.4 ± 9.9 * 1.8 ± 0.1 * (n = 14) * For the sake of simplicity only statistically significant differences between ACSF and cholesterol treatment are indicated (in bold). input resistance of MSNs in cholesterol-treated slices from R6/2 s was lower than that of MSNs incubated in ACSF (p = 0.032). In addition, the decay time constant of MSNs treated with cholesterol was longer than that of MSNs incubated in regular ACSF (p = 0.046). Cell membrane capacitance was not different between groups.
After determining the effects of cholesterol on basic membrane properties we then examined its effects on synaptic activity. sEPSCs were recorded at a holding potential of -70 mV in the presence of the GABA A receptor blocker picrotoxin. Confirming previous data, the frequency of sEPSCs recorded in regular ACSF was reduced in MSNs (n = 9) from R6/2 compared with MSNs (n = 7) from controls (1.3 ± 0.3 Hz and 3.7 ± 1 Hz respectively, p = 0.023). This difference persisted in slices incubated in cholesterol (1.1 ± 0.2 Hz, n = 11 R6/2 MSNs and 3.6 ± 0.7 Hz, n = 7 control MSNs, p < 0.001), indicating that the frequency of sEPSCs is not altered by the presence of cholesterol. In contrast, the increase in the frequency of sIPSCs previously reported in R6/2 animals [29, 38] and also confirmed here (6.7 ± 0.7 Hz, n = 15 R6/2 cells and WT: 3.8 ± 0.7 Hz, n = 9 WT cells, t = -2.684, p = 0.014, Student's t-test) was Fig. 1 . A. sIPSCs were recorded at a holding potential of +10 mV from visually identified MSNs in the dorsal striatum from symptomatic R6/2 mice (>70 days of age). In regular ACSF cells displayed high frequency, large amplitude sIPSCs. Incubation with cholesterol resulted in a significant reduction of large amplitude currents. B. The average frequency of sIPSC was practically unchanged by incubation in cholesterol (inset). There was a trend towards reduced medium-and large-amplitude synaptic events (amplitudes larger than 30 pA). C. In agreement, the cumulative amplitude histogram demonstrated a significant leftward shift indicating a decrease in large amplitude events or proportionately more low-amplitude events [two-way RM ANOVA, F(6,150) = 13.782, p < 0.001]. Asterisks indicate bins with statistically significant differences after Bonferroni post-hoc test. In this and subsequent figures * p < 0.05, * * p < 0.01 and * * * p < 0.001. D. The cumulative inter-event interval (IEI) probability distribution did not show a significant difference. modified after incubation in cholesterol (Fig. 1A) . While the overall IPSC frequency of R6/2 MSNs incubated in cholesterol was only marginally reduced compared with that of MSNs incubated in regular ACSF (5.6 ± 0.9 Hz and 6.9 ± 0.7 Hz, n = 14 and n = 15 respectively, p = 0.36) (Fig. 1B inset) , the frequency of medium-to large-amplitude events was reduced. An amplitude-frequency histogram indicated that the decrease was evident for events larger than 30 pA (Fig. 1B) . Similarly, a cumulative amplitude histogram revealed a statistically significant leftward shift in R6/2 MSNs treated with cholesterol ( Fig. 1 C) , while a cumulative inter-event interval (IEI) only showed a slight, non-significant rightward shift (Fig. 1D) . Spontaneous IPSCs in MSNs from WT animals were not affected by cholesterol incubation (mean frequency 3.8 ± 0.7 Hz, n = 9 control and 2.9 ± 0.4 Hz, n = 7 cholesterol, p = 0.3). In addition, we also tested the effects of MCD alone and at a concentration 0.6 mM it had no effects on the frequency of sIPSCs (7.8 ± 1.2 Hz in ACSF, n = 4 cells and 7.1 ± 1.3 Hz in MCD, n = 4 cells).
Effects of BHB: BHB is the main ketone body and can provide energy required for metabolic processes in the absence of glucose [12] . BHB, in conjunction with pyruvate, has been used to produce an enriched form of ACSF (eACSF) [32] . The rationale for using eACSF is that in HD mice glucose utilization is impaired, which may lead to metabolic stress [8, 9] . The effects of eACSF on spontaneous synaptic activity were tested in 4 symptomatic R6/2 mice (aged 81 ± 10 days). The average frequency of sIPSCs of MSNs (n = 8) in control ACSF was 7.2 ± 0.9 Hz. After switching to eACSF, the average frequency was significantly reduced (5 ± 0.5 Hz, p = 0.039) (Fig. 2A,B inset ). An amplitude-frequency histogram showed that reduced frequency occurred across amplitude bins but was more pronounced for events greater than 40 pA (Fig. 2B) . The cumulative amplitude histogram showed a significant leftward shift (Fig. 2C) , while the cumulative IEI histogram showed a rightward shift after eACSF application (Fig. 2D) . The difference in IEIs was statistically significant for events with 100-300 ms intervals.
Effects of the LXR agonist T0901317: LXRs are key regulators of cholesterol and glucose homeostasis. Oxysterols, such as 24-OHC, are the natural ligands for LXRs but a number of non-steroidal synthetic ligands have been created, among them T0901317, and it has been suggested they could renormalize neuronal synaptic function [39] . We tested the effects of T0901317 on sEPSCs and sIPSCs. Slices from WT (n = 5, ages 70 ± 1.7 days) or symptomatic R6/2 mice (n = 7, aged 68.3 ± 1 days) were incubated for 1 h in regular ACSF or in ACSF containing T0901317 (10 M). In slices from R6/2 mice incubated in T0901317, the average frequency of sIPSCs from MSNs (3.8 ± 0.6 Hz, n = 15) was significantly reduced compared with that of MSNs incubated in regular ACSF (6.9 ± 1.5, n = 14, p = 0.047) (Fig. 3A inset ). An amplitudefrequency histogram demonstrated that the reduction in frequency occurred across amplitude bins, and the differences in the 10-20 and 20-30 pA bins were statistically significant (Fig. 3A) . Similarly, there was a significant rightward shift in the IEI distribution in slices incubated in T0901317 (Fig. 3C) . The cumulative amplitude distribution was not different after application of the agonist (Fig. 3B) . Incubation of WT slices in T0901317 did not affect the average frequency of sIPSCs (4.1 ± 0.7, n = 10 in control conditions and 3.2 ± 0.6, n = 10 in T0901317, p = 0.36). Interestingly, there was a slight increase in average frequency of sEPSCs in MSNs incubated in T0901317 (3.9 ± 0.5 Hz, n = 10) compared with MSNs incubated in regular ACSF (2.8 ± 0.4 Hz, n = 10) but the difference was not statistically significant (p = 0.095). In R6/2 mice, T0901317 did not affect sEPSC frequency (0.82 ± 0.14 Hz in control conditions, n = 14 cells and 0.80 ± 0.13 Hz in T0901317, n = 16 cells).
Effects of Simvastatin:
Simvastatin has been widely used to reduce cholesterol levels. Thus we used this drug to compare and contrast with the effects of cholesterol. Slices from WT (n = 7, aged 69.1 ± 2 days) or symptomatic R6/2 (n = 10, aged 69.7 ± 2 days) mice were incubated for 1 h in regular ACSF or in ACSF containing simvastatin (10 M). In slices from R6/2 animals incubated in simvastatin, the average frequency of sIPSCs from MSNs (2.7 ± 0.3 Hz, n = 16) was significantly reduced compared with that of MSNs incubated in regular ACSF (4.5 ± 0.4, n = 18, p = 0.002) (Fig. 3D inset) . The amplitudefrequency histogram demonstrated that the reduction Fig. 4 . A. Effects of the KD on weight loss. Graph on the left shows absolute weight changes from 4-9 weeks of age in WT and R6/2 mice receiving regular chow or the KD. All animals gained weight from 4-6 weeks of age. By 7 weeks R6/2 mice on regular diet started losing weight while their WT littermates continued gaining weight. In contrast, R6/2 mice on the KD started losing weight after 8 weeks and the loss was less pronounced than in R6/2 mice fed regular chow. Graph on the right shows percent weight changes in WT and R6/2 mice fed the regular or KD at 9 weeks of age. There was a significant interaction among groups (one-way ANOVA, F(3,67) = 13.366, p < 0.001). Importantly, the weights from WT mice fed a regular diet were equivalent to those of R6/2 mice fed the KD. At this age the WT animals fed the KD were the heaviest. B. Performance on the rotarod improved similarly from 45 to 60 days in WT mice regardless of the diet. In contrast, the performance deteriorated similarly in R6/2 mice regardless of the diet [two-way RM ANOVA, F(3,53) = 8.384, p < 0.001].
in frequency occurred across amplitude bins, and the differences in the 10-20 and 20-30 pA bins were statistically significant (Fig. 3D) . Similarly, there was a significant rightward shift in the IEI distributions in slices incubated in simvastatin (Fig. 3F) . The cumulative amplitude distribution showed a slight leftward shift after agonist application that was significantly different for the 20 pA amplitude bin (Fig. 3E) . Simvastatin did not affect sIPSC frequency in WT animals (3.12 ± 0.47 Hz in control conditions, n = 12 cells and 3.48 ± 0.53 Hz in simvastatin, n = 13 cells). In slices from R6/2 animals there was a slight increase in average sEPSCs in MSNs incubated in simvastatin (1.4 ± 0.2 Hz, n = 8) compared with MSNs incubated in regular ACSF (0.9 ± 0.2 Hz, n = 9) but the difference was not statistically significant (p = 0.075). In contrast, incubation in simvastatin did not affect sEPSCs in slices from WT mice (2.8 ± 0.5 Hz, n = 8 in control conditions and 3.2 ± 0.4 Hz, n = 10 in simvastatin).
Effects of the KD: The KD has been proven beneficial in a number of neurological disorders including epilepsy [34, 35] and Alzheimer's disease [36] but the exact mechanisms remain unknown. For this experiment, we started feeding this diet to the breeders and then to the progeny from conception until sacrifice. The KD for a period up to 11 weeks in R6/2 mice was well-tolerated and did not appear to have any deleterious effects.
Body Weight: Confirming a previous study [40] , we observed delayed weight loss in HD mice fed with the KD (Fig. 4A, left graph) . After 7 weeks of age, R6/2 mice fed a regular diet (n = 18) stopped gaining weight and by 8 weeks they started losing weight. In contrast, WT mice (n = 21) continued gaining weight. R6/2 mice fed the KD (n = 28) initially gained more weight than animals fed a regular diet. By 8 weeks they stopped gaining weight and by 9 weeks they slowly started losing weight. At this age, the weight of WT mice fed a regular diet and R6/2 mice fed the KD had very similar weights. WT animals fed the KD (n = 16) continued gaining weight as they aged and by 9 weeks they were the heaviest among all groups. Percent weight changes in WT and R6/2 mice fed the regular or KD at 9 weeks of age, the last point examined, demonstrated significant differences between groups (Fig. 4A, right graph) except for the comparison between WT on the regular diet and R6/2 on the KD.
Behavior: A number of behavioral measures were examined in the four groups at two different stages of disease progression for R6/2 animals, early symptomatic (∼45 d) and fully symptomatic (∼60 d). At 45 days R6/2 mice (n = 20 regular diet and n = 25 KD) had a significantly reduced latency to fall on the accelerating rotarod compared to WTs (n = 23 regular diet and n = 14 KD) regardless of the diet. At 60 days the latency to fall was increased compared to 45 days in WT mice. In contrast, the latency to fall was further decreased in R6/2 mice (n = 15 regular diet and n = 20 KD) compared to WTs (n = 15 regular diet and n = 11 KD) regardless of the diet. The KD did not improve performance of R6/2 mice in the rotarod test (Fig. 4B) . However, the KD rescued behaviors of 45d R6/2 mice in the open field. R6/2 mice fed the KD (n = 33) moved significantly more, traveled farther, and faster compared with their R6/2 counterparts fed a regular diet (n = 14) (Fig. 5A,B,C,D, left panels) . Their behavior in the open field was similar to that of WT mice (n = 15 regular diet and n = 21 KD). In addition, the number of stereotypic movements, which are significantly higher in R6/2 compared with WT mice, was reduced in R6/2 mice fed the KD although the difference between R6/2 groups was not statistically significant (p = 0.091) (Fig. 5E left panel) . By 60 days the partial and transient improvement of these (B) Plasma BHB levels were significantly reduced in WT mice on the KD compared with R6/2 mice on a regular diet [one-way ANOVA, F(3,35) = 3.424, p = 0.028] (C) There was a statistically significant increase in brain cholesterol levels in R6/2 compared with WT mice on a regular diet. Importantly, the difference was no longer present in R6/2 compared with WT animals on the KD. This was due to a non-significant increase of cholesterol levels in WTs and a significant reduction in cholesterol levels in R6/2 mice on the KD compared with those on a regular diet [one-way ANOVA on ranks, H(3) = 13.026, p = 0.005]. (D) Brain BHB levels were not different between WT and R6/2 mice on a regular diet but there was a significant increase in R6/2 mice on the KD compared with WT mice on a regular diet [one-way ANOVA on ranks, H(3) = 8.247, p = 0.041].
behaviors was diminished and only non-significant trends remained (Fig. 5A-E, right panels) .
Electrophysiology: Mice in the four groups were sacrificed at ∼50 days (3-5 mice per group) or ∼70 days (4-8 mice per group) for slice electrophysiological recordings. Basic membrane properties of MSNs (cell membrane capacitance, input resistance and decay time constant) and spontaneous synaptic activity were assessed using whole-cell voltage clamp recordings. In early symptomatic animals, a significant increase in membrane input resistance of MSNs from R6/2 mice was observed regardless of the diet. Other basic membrane properties or the frequency of glutamatergic or GABAergic activity were not affected significantly (data not shown). Similarly, in fully symptomatic animals only mild, but non-significant trends were observed. Compared with R6/2 mice consuming a regular diet, in R6/2 fed the KD the input resistance of MSNs and the average frequency of spontaneous GABAergic currents were marginally reduced (Table 1 and Fig. 6A,B) . Similarly, the reduction in sEPSC frequency was not significantly affected by the KD (Fig. 6C, D) .
Histopathology: As the KD delayed weight loss in R6/2 mice, we also examined striatal and ventricle volumes in a subset of WT (n = 4) and R6/2 (n = 6) animals consuming the KD, expecting to see some rescue in R6/2 mice. Striatal volume was significantly (p = 0.047) reduced in R6/2 (6.1 ± 0.15 mm 3 ) compared with WT (6.9 ± 0.36 mm 3 ) mice and the ventricle volume was significantly (p = 0.005) increased in R6/2 (1.26 ± 0.16 mm 3 ) compared with WT (0.46 ± 0.07 mm 3 ) mice. Thus, despite delaying weight loss, the KD did not prevent brain atrophy in symptomatic R6/2 animals.
Cholesterol and BHB levels: GC/MS was used to measure cholesterol and BHB in plasma and brain from WT and R6/2 mice taking the regular diet or the KD. In line with previous reports [21, 41] , plasma cholesterol levels were reduced in R6/2 compared with WT mice on a regular diet (t = 2.358, p = 0.029, Student's t-test). However, the comparison among the different groups did not yield a statistically significant interaction (Fig. 7A) . Plasma BHB was not significantly changed by the KD in WT animals. However, BHB levels were significantly reduced in WT mice on the KD compared with R6/2 mice on a regular diet, as well as a trend for reduced BHB in R6/2 mice consuming the KD compared with the regular diet (Fig. 7B ). Significant changes in free cholesterol content were found in brain tissue from R6/2 mice but were opposite to those occurring in plasma (Fig. 7C) . A statistically significant elevation of brain cholesterol levels occurred in R6/2 compared with WT brains. Notably, the KD reduced cholesterol content and made it similar to that of WT mice under the KD (Fig. 7C) . BHB was not significantly altered in WT or R6/2 animals regardless of the diet. Only the comparison between WT mice on the regular diet and R6/2 mice on the KD showed a statistically significant difference (Fig. 7D) .
DISCUSSION
These studies demonstrate that modulating lipid metabolism can produce a partial improvement of the behavioral and electrophysiological phenotype in the R6/2 mouse model of HD. Experiments in vitro demonstrated that acute application of cholesterol, ketone bodies such as BHB, and LXR agonists clearly dampened the increase in sIPSC amplitude and/or frequency observed in R6/2 MSNs. Surprisingly, simvastatin also improved this synaptic phenotype. While cholesterol modulation readily affected sIPSC frequency, there was little or no effect on sEPSCs. Experiments in vivo demonstrated that the KD delayed weight loss and ameliorated some behavioral symptoms in the early stages. The KD however did not affect other phenotypic changes including rotarod performance, electrophysiological alterations, and brain atrophy.
While numerous studies have demonstrated early and long-lasting alterations in the cholesterol biosynthetic pathway in HD patients (however see [42] ), and in genetic mouse models of HD including the R6/2 and YAC128 [43, 44] , there has been controversy regarding cholesterol levels in the brain. Whereas some evidence points to dramatic downregulation of cholesterol in the brain [22, 44, 45] , there also is evidence that, in spite of progressive reduction of brain cholesterol biosynthesis, steady-state levels of total cholesterol remain constant, suggesting compensatory mechanisms [21] . In support, a recent study reported that at least one precursor in the Bloch cholesterol synthetic pathway (desmosterol) is increased in R6/1 mice [31] , thus supporting compensatory mechanisms to keep steady levels of cholesterol. Other studies have suggested that in HD cholesterol accumulates in the brain and this can become neurotoxic [46] [47] [48] [49] . Such discrepancies could stem from the use of different HD models and methods of detection [14, 50, 51] . Alternatively, they could reflect different stages of disease progression [48] or that decreased sterol synthesis and accumulation of cholesterol in neuronal membranes represent two distinct mechanisms likely affecting neuronal survival in HD [52] . In agreement, it was recently shown that altered cholesterol homeostasis in HD results from decreased cholesterol synthesis and dysregulation of its clearance due deficient expression of CYP46A1, the rate limiting enzyme for cholesterol degradation [53] . Our GC/MS results suggest that, in mice consuming a regular diet, cholesterol levels in plasma are reduced in HD. However, in brain tissue cholesterol levels are increased, supporting that it may initially accumulate and trigger homeostatic mechanisms aimed at reducing de novo synthesis.
The present findings indicate that cholesterol and the ketone body BHB, when added to the ACSF solution, effectively reversed increases in sIPSC frequency and/or amplitude, in particular largeamplitude, activity-dependent synaptic events. The eACSF solution, containing BHB and pyruvate, has been used in slices from developing animals as it provides a number of nutrients that more closely mimic the energy sources used in early postnatal life [32, 54] . BHB also affects the functional state of neuronal networks in adult slices [55] and in itself can have neuroprotective and antiepileptic properties [56] . Pyruvate in the eACSF could also play a role as studies have shown neuroprotective effects of pyruvate [57] . Thus, at the present time we cannot distinguish if the effect is due to BHB or pyruvate acting as extra fuel for glucose compromised neurons or to additional effects. It has been shown for example that BHB blocks NLRP3 inflammasomemediated inflammatory responses [58] and pyruvate is a potent antioxidant, augments glycogen stores, and also is a potent anti-inflammatory [57] .
Cholesterol homeostasis in the brain is regulated by LXRs acting as cholesterol sensors, and protecting cells from cholesterol overload [33] . Synthetic oxysterol-mimetic drugs that activate LXRs provide novel therapeutics for management of Alzheimer's disease and other neurological disorders characterized by altered tissue cholesterol homeostasis [59] . Members of nuclear receptor subfamily 1, which include LXRs, interact with Htt. Expansion of the polyglutamine tract in mHtt inhibits its binding to nuclear receptors and its ability to activate LXR transcription, suggesting that WT Htt could be involved in the regulation of cholesterol homeostasis [39] . In Htt-deficient zebrafish, T0901317 partially rescues the phenotype, providing evidence that activation of LXRs with appropriate agonists could renormalize neuronal synaptic function [39] . The present results indicate that this is at least partially true. However, some of the beneficial effects of LXR agonists also can be attributed to their ability to suppress neuroinflammation [60] .
Asurprisingfindingwasthatsimvastatin,adrugtypically used to reduce cholesterol, also improved the synapticphenotype,castingdoubtaboutthespecificity of cholesterol effects. However, it is well known that simvastatin has pleiotropic effects besides lowering cholesterol levels. If, as some studies postulate [46] , cholesterol is accumulated in HD cell membranes, simvastatin could enhance mobilization, redistribution, and/or efflux of accumulated cholesterol [61] . Simvastatin also increases membrane fluidity, has anti-inflammatory effects, and promotes BDNF production. This is important as we showed previously thatBDNFreducestheincreaseinsIPSCsinR6/2mice [29] . In addition, there is evidence that simvastatin can have neuroprotective effects in HD [47] .
The KD delayed the occurrence of some peripheral symptoms of HD, including weight loss and some behavioral indices. The benefits of the KD have been extensively demonstrated in neurological disorders including epilepsy, Alzheimer's and Parkinson's diseases [34, 62] . The mechanisms are not well understood but could involve enhanced energy reserves that improve the ability of neurons to resist metabolic challenges [63] , such as those associated with HD [62] . The KD also increases the production of BHB and while cholesterol and fatty acids do not appear to cross the BBB, ketones can enter the brain and serve as energy substrates [37] . Another hypothesis is that the KD affects kynurenic acid (KynA) production in the brain. KynA is a metabolite of tryptophan and has been used to block excitatory neurotransmission [64] , including that mediated by N-methyl-D-aspartate (NMDA) glutamate receptors [65] . It was recently demonstrated in vivo that the KD produces large increases in BHB and also in KynA with anatomical specificity, as they occurred in hippocampus and striatum but not in cerebral cortex [66] . This is important as the KynA pathway is disrupted in HD and could be involved in the etiology of the disease [67] .
There are only a handful of studies on the effects of different diets in HD models. Essential fatty acids (phospholipid components of cell membranes) given from conception prevented weight loss and behavioral deficits in R6/1 mice [68] and one study specifically using the KD in R6/2 mice reported some beneficial effects, including delayed weight loss, and no obvious deleterious effects [40] . Considering that in HD energy metabolism is significantly altered due to reduced gluconeogenesis in spite of increased demand, we expected that these alterations could be rescued in animals treated with a KD. Although weight loss and some behavioral symptoms were improved, the synaptic phenotype was practically unaffected. While acutely BHB ameliorated GABA synaptic alterations, in chronic conditions such as the KD, there was no improvement in spite of the fact that the KD produced slight, but not statistically significant, increases of BHB levels in the brain. This could explain the lack of effects on sIPSCs as compared with acute administration of BHB and suggests that brain metabolism cannot rely permanently on energy derived from ketone metabolism.
LIMITATIONS
Although suggestive, the present results have important limitations. Because most drugs used in acute conditions have pleiotropic effects, it is difficult to determine which changes were due solely to effects on lipid metabolism. In addition, measurements of cholesterol after acute treatments in slices are indicated to better determine if the effects involve changes in cholesterol/ketone levels or also involve effects on neuroinflammation, which is prominent in mouse models of HD [69] [70] [71] . A previous study using filipin III staining showed that, in the case of statins or MCD, incubation of cell cultures effectively reduced free cholesterol levels [16] . Finally, different doses of cholesterol-modifying drugs should be tested, both in vitro and in vivo, to have a more complete picture of potential mechanisms.
CONCLUSIONS
Because of its widespread distribution [72] , the repercussions of the Htt mutation are enormous and extend beyond the brain [8, 73] . Thus, therapeutic trials targeting only the brain regions where the most obvious pathology occurs are not likely to succeed. Only an integral treatment of body and brain alterations will alleviate the wide gamut of HD symptoms [74] . A step forward could be a combination therapy including a special diet and direct administration of cholesterol into the brain, e.g., by using modified cholesterol nanoparticles able to cross the BBB [75] , or by stimulating cholesterol metabolism and efflux if, as some studies suggest, it accumulates in brain cell membranes [46, 53] .
